Botulinum neurotoxin (BoNT) serotype B (BoNT/B) is one of the serotypes of BoNT that causes deadly human botulism, though it is used clinically for treatment of many neuromuscular diseases. BoNT/B is produced by Clostridium botulinum, and it is secreted along with a group of neurotoxin-associated proteins (NAPs) in the form of a BoNT/B complex. The complex dissociates into a 150-kDa holotoxin and NAPs at alkaline pHs. The 150-kDa BoNT/B holotoxin can be nicked to produce a 50-kDa domain referred to as the light chain (LC) and a 100-kDa heavy chain, with the former possessing a unique endopeptidase activity. The two chains remain linked through a disulfide bond that can be reduced to separate the two chains. The endopeptidase activity is present in all three forms of the toxin (complex, purified BoNT/B holotoxin, and separated light chain), which are used by different researchers to develop detection methods and screen for inhibitors. In this research, the endopeptidase activities of the three forms, for the first time, were compared under the same conditions. The results show that enzyme activities of the three forms differ significantly and are largely dependent on nicking and disulfide reduction conditions. Under the conditions used, LC had the highest level of activity, and the complex had the lowest. The activity was enhanced by nicking of BoNT/B holotoxin and was enhanced even more by dithiothreitol (DTT) reduction after nicking. This information is useful for understanding the properties of BoNT endopeptidases and for comparing the efficacies of different inhibitors when they are tested with different forms of BoNT endopeptidase.
Botulinum neurotoxins (BoNTs) produced by Clostridium botulinum are the most toxic substances known to humans and block the release of neurotransmitters, resulting in flaccid muscle paralysis. There are seven serotypes of BoNT, designated A to G, which are serologically distinct. An antitoxin against one serotype does not work on other serotypes. Different BoNT serotypes differ in their amino acid sequences, their substrates, or cleavage sites on the same substrate. Of the seven serotypes, BoNT type A (BoNT/A), BoNT/B, BoNT/E, and BoNT/F are known to cause human botulism (9) . The extreme lethality of BoNTs makes them potent bioterror agents. BoNT/A and BoNT/B are two serotypes which have been approved by the Food and Drug Administration (FDA) for cosmetic purposes and for treatment of a wide range of neuromuscular diseases, including cervical dystonia (3) .
Like other BoNT serotypes, BoNT/B is secreted by the bacteria as a complex of the holotoxin and several nontoxic proteins called neurotoxin-associated proteins (NAPs). The NAPs protect the holotoxin from harsh environmental conditions, such as the high temperature, low pH, and multiple proteases present in the gastrointestinal tract (14, 17) . The holotoxin, of about 150 kDa, can be obtained by removing the non-covalently bound accessory proteins with ion-exchange chromatography. The 150-kDa polypeptide chain consists of a 100-kDa heavy chain (HC) and a 50-kDa light chain (LC), which are synthesized as a single polypeptide chain but nicked by endogenous or exogenous proteases and remain linked through a disulfide bond (Fig. 1) . The HC binds the receptors on neuronal cells and helps translocate the LC into the cell. The BoNT/B LC cleaves the vesicle-associated membrane protein (VAMP), also called synaptobrevin. VAMP is necessary for the docking and fusion of synaptic vesicles to plasma membrane at the neuromuscular junctions for neurotransmitter release. Once the VAMP is cleaved, the neurotransmitters in synaptic vesicles cannot be released, resulting in flaccid paralysis that can be fatal.
Strains producing BoNT/B can be nonproteolytic or proteolytic (4) . BoNT/B from nonproteolytic strains occurs as a single polypeptide chain of 150 kDa. BoNT/B secreted by proteolytic strains is a mixture of the single polypeptide chain and a dichain in which the peptide bond linking the HC and LC has been nicked by proteases produced by the bacteria (Fig. 1) . The single polypeptide chain in both nonproteolytic and proteolytic cultures can be converted to the dichain form through in vitro trypsinization. The HC and LC in the dichain can be further separated by breaking the disulfide bond with a reducing agent such as dithiothreitol (DTT) and treating it with chaotropic reagents such as urea (10) .
The complex, holotoxin, and LC are three different forms of BoNT/B with endopeptidase activity, although LC is the only active unit in all three forms. The complex is the native form of the toxin, which causes botulism. It is also the main component of the only licensed drug with BoNT/B currently available (2) . The complex, holotoxin, and LC of BoNT/B have all been extensively used to develop methods to detect this serotype or to screen for inhibitors against the toxin (1, 5, 7, 8, 13, 15, 16) . Since different forms of the toxin were used by different re-searchers, it is difficult to compare the sensitivities of different detection methods or the efficacies of different inhibitors. Therefore, in this study, the activities of BoNT/B complex, holotoxin, and LC were compared under the same conditions for the first time. The results suggest that the endopeptidase activity with a peptide substrate varies substantially depending on whether BoNT/B is used in its native complex form, its isolated holotoxin form, or a separated LC form. The LC form was the most active form of the endopeptidase under the conditions used.
MATERIALS AND METHODS

Materials.
BoNT/B complex and holotoxin from Clostridium botulinum strain Okra and recombinant BoNT/B LC were kindly provided by BB Tech (North Dartmouth, MA). The concentrations of proteins were determined with a bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, Rockford, IL). Molar concentrations were calculated by using molecular masses of 550, 150, and 50 kDa for BoNT/B complex (13), holotoxin, and LC, respectively. VAMPtide, a synthetic peptide containing the native cleavage site for BoNT/B, was purchased from List Biological Laboratories (Campbell, CA). All other chemicals were from Sigma-Aldrich (St. Louis, MO) unless otherwise specified.
Determination of the endopeptidase activity of BoNT/B. A 10 nM concentration of BoNT/B complex, purified holotoxin, or LC in 20 mM HEPES buffer, pH 6, with 0.1% Tween 20 was mixed with 4.2 M VAMPtide in a 96-well Costar microplate (Corning Life Science, Corning, NY). The peptide substrate was intramolecularly quenched over the cleavage site of BoNT/B by fluorescence resonance energy transfer (FRET). The fluorophore was o-aminobenzoic acid (o-Abz), and the acceptor chromophore was 2,4-dinitrophenyl (Dnp). Once the VAMPtide was cleaved by BoNT/B, the fluorescence signal increased because of a reduced quenching effect. Fluorescence intensity was measured with a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA) at an excitation wavelength of 321 nm and an emission wavelength of 418 nm. When needed, 0.04 nmol BoNT/B complex or holotoxin in 20 mM HEPES buffer, pH 8, with 5 mM CaCl 2 was subjected to limited proteolysis, or nicking, by the addition of 7.0 or 2.3 g/ml trypsin, respectively, and incubated at 37°C. After 30 min, the reaction was stopped by the addition of 1 mM phenylmethylsulfonyl fluoride (PMSF). Part of nicked protein sample was assayed with VAMPtide directly, while the rest was tested after the addition of 20 mM DTT. Fluorescence of VAMPtide with buffer but not BoNT/B was measured simultaneously as a control. Cleavage of VAMPtide by BoNT/B was calculated as the difference between the fluorescence signals of a sample and the control in relation to the signal of the control. The cleavage rate was the change of cleavage per minute. Each time, the enzyme was mixed with substrate in three different microplate wells and data were averaged. All experiments were repeated on at least two different occasions, and a representative of them is reported. For every sample that was tested for endopeptidase activity, an aliquot was assayed with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
SDS-PAGE. Protein samples were mixed with sample loading buffer (1 M Tris buffer, pH 6.8, and 2% SDS) for nonreducing SDS-PAGE. For reducing SDS-PAGE, 100 mM DTT was added in addition to the sample loading buffer. Both reduced and nonreduced samples were heated at 95°C for 5 min before being loaded on 4 to 12% gels on an XCell SureLock Mini Cell (Invitrogen, Carlsbad, CA). After Coomassie blue staining and destaining, the images of gels were captured with a gel imaging and analysis system (Eastman Kodak Co., Rochester, NY). Results reported are representative of at least two replicates.
Statistical analysis. All data reported for the VAMPtide assay are the means of triplicates. Statistical analysis was carried out using SAS software (SAS Institute Inc., Cary, NC).
RESULTS AND DISCUSSION
Endopeptidase activity of BoNT/B LC. When VAMPtide was incubated with BoNT/B LC at 37°C in the absence of DTT, the fluorescence signal increased gradually over a 3-h time span (Fig.  2a) . In the meantime, the fluorescence of VAMPtide incubated with buffer hardly changed, indicating that the increase of fluorescence signal was due to the cleavage of VAMPtide by the LC. With DTT added, the cleavage of VAMPtide by BoNT/B LC occurred more rapidly. After 30 min of the reaction, the amount of cleavage in the presence of DTT was double the amount in the absence of DTT. The difference between the two further increased with extended incubation. The difference in the endopeptidase activities of BoNT/B LC with DTT and LC without DTT is related to the structure of the LC. Recombinant LC of BoNTs exists as a homodimer (12) 
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on July 8, 2017 by guest http://aem.asm.org/ addition to the LC band at about 52 kDa, there was also a band at about 100 kDa, corresponding to the dimer, in the absence of DTT (Fig. 2b, lane 1) . With 20 mM DTT added, the band corresponding to the dimer became weaker, while the monomer band was much stronger (Fig. 2b, lane 2) , indicating that the dimer had been reduced to the monomer. The doublets observed at both 52 kDa and 100 kDa under nonreducing conditions entirely disappeared upon treatment with DTT. These doublets are likely to originate from differential shapes of the monomeric and dimeric forms of BoNT/B LC, presumably from differential intrachain disulfide bond formation.
There are a number of cysteine residues in BoNT/B LC which could be responsible for the intrachain disulfide bond formation. Increasing the concentration of DTT up to 100 mM did not seem to break the remaining dimer any further (Fig. 2b , lanes 4 and 5). This is consistent with the results obtained by other researchers (6) who demonstrated that some dimers remain intact even under reducing conditions. Steric hindrance may make the substrate binding cleft and active site less accessible in the dimer; thus, the cleavage of VAMPtide by BoNT/B LC was slow without DTT (Fig. 2a) . In the presence of DTT, the homodimer was converted into monomers (Fig.  2b) , and it was presumed to become easier for the substrate peptide to access the active site of LC. Therefore, the cleavage reaction took place more rapidly. Endopeptidase activity of BoNT/B holotoxin. The purified BoNT/B holotoxin naturally consists of both the single-chain and dichain forms (Fig. 1) . Both the single chain and the dichain appeared on the nonreducing SDS-PAGE gel as a single band at about 150 kDa (Fig. 3b, lane 1) . With reducing SDS-PAGE that had 100 mM DTT in the sample buffer, in addition to the 150-kDa band, two very weak bands appeared at about 100 and 50 kDa (Fig. 3b, lane 5) , and these were more visible with silver staining (15) , which has higher sensitivity than Coomassie blue staining. These two bands corresponded to the HC and LC of BoNT/B that originated from the dichain in the holotoxin and were separated by the treatment with 100 mM DTT in the sample buffer for SDS-PAGE. The 150-kDa band in reducing SDS-PAGE (Fig. 3b, lane 5) is attributed to the single chain in BoNT/B holotoxin. Even though DTT reduces the disulfide bond between the HC and LC under reducing conditions, the covalent bond linking the two chains is intact in the single chain (Fig. 1) , thus showing a protein band at about 150 kDa. The 150-kDa band, even upon reduction of the disulfide bond (Fig. 3b, lane 5) , had an intensity similar to that without reduction of the disulfide bond (Fig. 3b, lane 1) , and the bands corresponding to the HC and LC upon disulfide reduction (Fig. 3b, lane 5) were very weak, indicating that in its natural form, the purified holotoxin contained mostly single chain (Ͼ99%). After treatment with trypsin, the covalent linkage connecting the HC and LC in the single-chain molecules was proteolytically nicked, while the disulfide bond stayed intact. As a result, the molecules remained at 150 kDa in nonreducing SDS-PAGE (Fig. 3b, lane 2) . With the presence of 100 mM DTT in reducing SDS-PAGE, the disulfide bond broke down, resulting in the separation of HC and LC on the electrophoresis gel, with concurrent disappearance of the 150-kDa band of BoNT/B (Fig. 3b, lane 6 ).
Like LC, purified BoNT/B holotoxin also cleaved VAMPtide during 3-h incubation (Fig. 3a) , irrespective of nicking and the treatment with DTT. However, nicking or DTT treatment enhanced the activity of purified BoNT/B holotoxin (Fig. 3a) . The cleavage reaction was slow initially, and then it became rapid, as indicated by the cleavage rate being higher during the second 30 min than during the first 30-min period (Table 1) . This was especially true for the purified BoNT/B holotoxin control without nicking and DTT treatment, which hardly showed any activity within the first 30 min. During the second 30 min, the cleavage rate for the untreated BoNT/B holotoxin control was about 10% lower than that for the nicked toxin and 70% lower than that for the nicked and disulfide bond-reduced toxin ( Table 1 ). Considering that there was a very small amount of the dichain form present in the natural preparation of the holotoxin (Fig. 3b, lanes 1 and 5) , it is possible that unnicked BoNT/B single chain also accounted for some of the activity of the purified BoNT/B holotoxin. The accessibility of the endopeptidase active site for the substrate is likely to be limited in the BoNT/B single chain due to the presence of the HC domain through the disulfide bond. As shown in the crystal structure of BoNT/B holotoxin (18), Zn 2ϩ and the active site are located in a deep pocket in the LC (Fig. 4) . Part of the HC forms a belt which occludes the opening of the pocket, interfering with the substrate approaching the active site (Fig. 4) . Once the purified BoNT/B holotoxin was subjected to nicking by trypsin, the LC in the BoNT/B single chain became more accessible to the substrates, giving rise to increased endopeptidase activity. As a control for nicking of the single chain by trypsin, the same amount of trypsin was added to the same volume of buffer without toxin, and after 30 min of incubation at 37°C, PMSF was added to all samples to inhibit trypsin. As shown in Fig. 3a , the trypsin control sample obtained thereof did not cause much change in the fluorescence signal; hence, the increase in the fluorescence of other samples was attributed to the nicked holotoxin rather than trypsin itself. This also shows that trypsin does not generate a false-positive signal in the presence of PMSF in the VAMPtide assay. Adding DTT to nicked holotoxin further disconnected the LC from the HC, and thus, there was more cleavage of the substrate (Fig. 3a) . The positive effect of nicking on the endopeptidase activity of BoNT/B was also reported by other researchers using an immunoassay (7) .
Endopeptidase activity of BoNT/B complex. The reaction progress curves of VAMPtide cleaved by native BoNT/B complex (Fig. 5a ) are similar to those corresponding to the purified holotoxin (Fig. 3a) . The lowest level of activity of the complex was observed under conditions in which the single chain was not nicked and the disulfide bond was not reduced. Cleavage was hardly observed within the first 60 min (Table 1 ). Even after 3 h, the cleavage of VAMPtide by unnicked and non-DTT-treated BoNT/B complex was limited (Fig. 5a ). Nicking and DTT treatment enhanced the endopeptidase activity of the BoNT/B complex substantially, about seven times higher than the control level in 3 h, while this treatment corresponded to a value about four times higher than the control value in the case of purified BoNT/B holotoxin (Fig. 3a) . Before being nicked, BoNT/B holotoxin in the complex stayed mostly as a 150-kDa single chain, while a very small amount of dichain was converted into the 100-kDa HC and 50-kDa LC in reducing SDS-PAGE (Fig. 5b, lane 5) . After the nicking, the 150-kDa band became lighter in nonreducing SDS-PAGE (Fig. 5b, lane 2) . It is possible that some of the 150-kDa BoNT/B toxin molecules in the complex were proteolytically hydrolyzed by trypsin at sites other than the nicking site (Fig. 1) , giving rise to mole- 
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on July 8, 2017 by guest http://aem.asm.org/ cules of sizes less than 150 kDa. However, no clear bands were visible to prove this. Another possibility is that after the nicking, there was a heterogeneous combination of different conformations (resulting from differential intermolecular disulfide formation) of the nicked holotoxin as well as degraded neurotoxin binding protein (originally at about 120 kDa) (Fig. 5b,  lanes 1 and 5) , as indicated by diffused bands and smear in nonreducing SDS-PAGE in the 100-to 150-kDa region (Fig.  3b, lane 2, and Fig. 5b, lane 2) . The 150-kDa band for nicked single chain in nonreducing SDS-PAGE (Fig. 5b, lane 2) was not observed under reducing SDS-PAGE gel conditions (Fig.  5b, lane 6) ; instead, bands corresponding to BoNT/B HC (approximately 100 kDa) and LC (approximately 50 kDa) appeared with the expected band intensities. This is consistent with the enhanced endopeptidase activity of the BoNT/B complex that was observed upon nicking, presumably because the cleavage of the covalent bond linking BoNT/B HC and LC results in more flexibility for the LC to interact with the substrate. For the same reason, DTT treatment after nicking further separated the BoNT/B HC and LC (Fig. 5b, lane 3) and enhanced the activity of the BoNT/B complex (Fig. 5a) . The endopeptidase activities of the three different forms of BoNT/B differ considerably and are affected by nicking and disulfide reduction conditions (Fig. 6) . For the originally prepared BoNT/B LC, purified holotoxin, and complex before any treatment, such as nicking and DTT reduction, only the LC showed some activity within the first 30 min, with a cleavage rate of 1.16 ϫ 10 Ϫ3 min Ϫ1 (Table 1) . Holotoxin and complex activities were hardly observed during the same time span. The cleavage rate increased to 1.88 ϫ 10 Ϫ3 min Ϫ1 for nontreated LC within the second 30 min, while the nontreated holotoxin started to cleave the substrate with a rate of 0.77 ϫ 10 Ϫ3 min Ϫ1 ; the complex still showed no activity. Due to the different cleavage rates, after 3 h of the reaction, non-DTT-treated BoNT/B LC (dimer) showed the highest level of activity, followed by purified holotoxin, and then the complex (Fig. 6) . The activity level of nontreated BoNT/B LC being higher than that of holotoxin can be explained by the differences in their structures. Nonreduced LC exists as a homodimer (Fig. 7) . Its crystal structure shows that for both monomers, the active site is not blocked by the presence of the other monomer. However, in nontreated holotoxin, part of the HC belt hangs above the open pocket in which the active site is located (Fig. 4) , making it difficult for the substrate to access, thus showing a lower level of activity than the LC dimer (Fig. 6) . Though dimerization does not affect availability of the LC catalytic site, it can reduce the flexibility of LC molecules to move around and to coordinate with the substrate for the enzymatic reaction to occur. Therefore, once the LC dimer is reduced, each monomer becomes completely free, providing more flexibility to interact with the substrate. As a result, DTT-reduced LC was notably more active than its dimeric form (Fig. 6) .
After the BoNT/B holotoxin and complex were nicked, both of their activities increased. The cleavage rate for purified holotoxin increased by about 10% during the second 30 min of the cleavage reaction after it was nicked (Table 1) . Nicking also enabled the BoNT/B complex to cleave the substrate during the second 30 min, with a rate of 0.56 ϫ 10 Ϫ3 min Ϫ1 . Though the cleavage rate increased for both the holotoxin and complex after they were nicked, the cleavage rate for the holotoxin was higher (Table 1) , and after 3 h, the holotoxin appeared to be more active than the complex, with the former's activity similar to that of the BoNT/B LC under nonreduced conditions (Fig.  6) . After further reduction with DTT, all three forms of BoNT/B endopeptidase became even more active. The cleavage rate of DTT-reduced BoNT/B LC was 2.4 times higher than the cleavage rate of the nontreated LC control during the second 30 min of the cleavage reaction (Table 1) . For the holotoxin and complex, though nicking increased the cleavage rate, the influence of DTT reduction after nicking was even greater. For example, the cleavage rate for purified holotoxin within the second 30 min of the reaction became 1.1 times higher after nicking and 3.3 times higher with DTT reduction after nicking (Table 1) . It seems that the NAPs in the BoNT/B complex not only protect the toxin from harsh environments FIG. 6 . Cleavage of VAMPtide by BoNT/B LC, purified holotoxin, and complex under different conditions after 3 h of the reaction. DTT was added to LC directly but was added to holotoxin and complex after they were nicked. Bars not sharing a common letter differ significantly (P Ͻ 0.05). min Ϫ1 ), with the reduction after nicking, the cleavage rate for the complex became higher (3.52 ϫ 10 Ϫ3 min Ϫ1 ) than that for the holotoxin (2.50 ϫ 10 Ϫ3 min Ϫ1 ). After 3 h of cleavage, the three forms of BoNT/B endopeptidase showed similar activities (Fig. 6) . These results clearly show that the activities of different forms of BoNT/B are highly dependent on reaction conditions which affect the protein structure. This information is useful for understanding the present discrepancies in regard to the activity and inhibition of BoNT/B due to the different forms of active BoNT/B used in different studies (6, 11) . For example, it has been reported that the K m for BoNT/B LC without DTT treatment is about 0.08 mM and its k cat is about 40 s Ϫ1 (6, 11) . Nonnicked BoNT/B holotoxin has a K m of 0.3 mM and a k cat of 23.8 s Ϫ1 (16) . The catalytic efficiency of nonnicked holotoxin being lower than that of nontreated LC matches what was observed in this study (Fig. 6) . The VAMPtide assay used here has been correlated with cell-based assays for the holotoxin, and the results obtained were similar for tests in vitro and in vivo (15) . It is expected that in a comparison of the activities of the three different forms of BoNT/B in vivo, results can be different from those presented here due to the physiological conditions and delivery mechanisms involved in vivo. Though LC has been widely used in vitro for assay development and inhibitor screening, assaying its endopeptidase activity under in vivo conditions has remained a challenge.
Conclusions. Endopeptidase activities of the three forms of BoNT/B, namely, complex, holotoxin, and LC, were, for the first time, evaluated using the same method and under the same conditions. Given the same concentration, the three different forms of BoNT/B differed significantly in their activities. For each individual form, the activity was enhanced by nicking and DTT reduction. Although these results were obtained with BoNT/B, variations in the activities of different forms and the influence of nicking and reducing are expected to be applicable to other types of BoNTs as well. Comparison between the activities of different forms of BoNT is important for understanding the efficacy of BoNT as a therapeutic agent or its toxicity as a poison. The differences in the activities of different forms of BoNT and under different conditions should also be considered when comparing the sensitivities of different detection methods in diagnostics and in evaluation of the effectiveness of inhibitors when different forms of BoNT are used. This information is also useful for optimizing the conditions for detection or inhibitor-screening purposes. This study also demonstrated a rapid fluorescence method for assaying all forms of BoNT/B. This method allows for real-time measurement of active BoNT/B, and there is no need to separate cleaved substrate and noncleaved substrate. It is especially useful as a routine high-throughput screening method without the need for specifically developed antibodies and complicated equipment.
